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Abstract: Electrochemical methods for nitrate detection are very attractive since they are suitable
for in-field and decentralized monitoring. Copper electrodes are often used to this aim as this
metal presents interesting electrocatalytic properties towards nitrate reduction. In this research,
we study improvements in the electrochemical analysis of nitrate in natural water and food by taking
advantage of the detection capabilities of ensembles of copper nanowire electrodes (CuWNEEs).
These electrodes are prepared via template electrodeposition of copper within the nanopores of
track-etched polycarbonate (PC) membranes. A critical step in the preparation of these sensors is the
removal of the template. Here, we applied the combination of chemical etching with atmospheric
plasma cleaning which proved suitable for improving the performance of the nanostructured copper
electrode. Analytical results obtained with the CuWNEE sensor for nitrate analyses in river water
samples compare satisfactorily with those achieved by standard chromatographic or spectroscopic
methods. Experimental results concerning the application of the CuWNEEs for nitrate analysis in
food samples are also presented and discussed, with focus on nitrate detection in leafy vegetables.
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1. Introduction

The presence of nitrate in water and vegetables is generally associated with soil fertilization.
Concerning edible vegetables, higher levels of nitrate are detected in the leaves, while it is well
documented that wash-out waters from agricultural lands can be enriched with nitrate [1,2]. Toxicity of
nitrate to humans is related to its ability to oxidize hemoglobin (Hb) to methemoglobin (metHb), which
is unable to transport oxygen in the tissues. This process is responsible for “blue-baby” syndrome
or methemoglobinemia [1,3]. Moreover, in the human body, nitrate can be converted to metabolites,
such as nitrite, nitric oxide and N-nitroso compounds, which are responsible for potentially adverse
health implications, such as carcinogenic effects on the gastrointestinal apparatus (nitrite as a precursor
for endogenous nitrosamines and nitrosamides) [1]. An Acceptable Daily Intake (ADI) of nitrate,
3.7 mg/kg body weight/day (equivalent to 222 mg nitrate per day for a 60 kg adult), was established
by the Food and Agriculture Organization of the United Nations and the World Health Organization
(FAO/WHO)–Expert Committee on Food Additives (JECFA) in 2002 [1].

The most used methods for nitrate detection are colorimetric (after reduction to nitrite), UV
detection, ion-exchange chromatography and potentiometry with ion-selective electrodes [4–6].
Amperometric methods represent an alternative for nitrate detection, however they require the use
of suitable electrocatalysts, which can be both molecular or biomolecular catalysts [7–9], as well
as special electrode materials [10–12], including copper and its alloys [13,14]. Voltammetric and
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amperometric methods of analysis furnish high sensitivity with a short response time, requiring cheap
instrumentation and being suitable for direct or on-site analyses, even in colored samples.

In the frame of amperometric sensors, nanosized materials, that is, a wide family of materials with
different shape and composition, present several advantages [15]. The synthesis of nano-objects under
controlled conditions allows the formation of nanostructures directly onto the electrode surface, which
reflects in an enhanced surface/volume ratio [15]. This plays an important role in electrocatalysis and
in decreasing the overpotential involved in charge transfer processes.

Membrane template assisted procedure (TAP), which consists of the use of a nanoporous
membrane as a template to create a 2D nanostructured electrode surface, was proposed [16].
Such electrodes present a high S/N ratio, due to the characteristic geometric area and active area, that
improves the analytical performance of the electrodes [17,18]. Such TAP can be applied in a different
way to obtain an ensemble of nanowires, with a very high active area suitable as an electrocatalytic
surface [19]. A crucial step in TAP is the removal of the template after nanostructuring. The use of O2

plasma for the controlled removal of the polycarbonate (PC) membrane in TAP for 3D-NEEs has been
proposed [17,20]. This treatment is not suitable for some materials due to the oxidation effect of the
electrode surface. To avoid unpleasant effects of O2 plasma, a chemical etching method based on the
partial dissolution of the PC membrane in suitable solvent mixtures has also been proposed [20–22].

On the other hand, a low-temperature atmospheric plasma for surface cleaning is an interesting
method due to its less aggressive effect on treated surfaces. Nowadays, it is used in a wide range of
applications ranging from biomedical to cultural heritage interest. While in the first case it is applied
mainly for sterilization and functional coating deposition purposes [23–25], in the latter, it is used for
the cleaning of historical stone materials, ancient manuscripts, metallic surfaces, and others [25]. It also
can be used in a reducing atmosphere to prevent formation or remove surface metal oxides.

In a previous study, our group developed an electrochemical template-assisted procedure to
produce a copper-nanowires electrode ensemble (CuWNEE) for nitrate detection. Copper nanowires
are finding increasing applications in a variety of fields, from electrical to optical [26].
For sensors development, we used electrodeposition of copper in track-etched polycarbonate (PC)
membranes [19,27]. Chemical etching has been performed for template removal by repeatedly
soaking the nanostructured electrode in dichloromethane (CH2Cl2). In the present study, we use
a low-temperature atmospheric plasma to improve the etching procedure to better remove the PC
template, obtaining a more active nanostructured surface suitable for nitrate determination in food
samples and natural water. To this aim we propose to combine two etching treatments, i.e., a chemical
etching followed by a low-temperature atmospheric plasma under reduction conditions, in order to
prepare CuWNEEs with improved electrocatalytic properties, suitable for water and edible vegetables.

2. Materials and Methods

2.1. Materials

All chemicals were of analytical grade and used without further purification. Solutions were
prepared with doubly distilled water (18.2 MΩ cm). Reagents used were Nafion®117 at 5%
w/v solution; H2SO4; NaCO3 and NaHCO3 (Sigma–Aldrich, Merck KGaA, Darmstadt, Germany);
CuSO4 (Carlo Erba Regents, Milan, Italy); Na2SO4 (Fluka, Buchs, Switzerland); NaNO3 (Alfa Aesar,
Karlsruhe, Germany).

2.2. Electrode Preparation

A potentiostatic deposition, as described by Stortini et al. [19], was used to grow copper nanowires
into the pores of a PC membrane (400 nm pore diameter, thickness 10 µm, pore density 1 × 108 pores
cm−2, from SPI-pore™ (West Chester, PA, USA) following a template-assisted procedure. Briefly, the PC
template was attached to the Cu-disk electrode by a thin layer of Nafion solution diluted to 0.5%
with methanol. The PC membrane in contact with the Cu disk was pre-sputtered with a thin gold
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layer, with a calculated thickness of 75 nm, using a sputter coater (Cressington 108 auto, Watford,
UK; target distance = 50 mm, i = 40 mA, t = 30 s in Ar atmosphere). Cu deposition was carried out
at −0.250 V Ag/AgCl, KCl and sat for 120 s at room temperature in 0.6 M CuSO4, 10−2 M H2SO4

solution. Following deposition of the copper nanowires, the PC membrane was chemically dissolved
by surface contact in CH2Cl2 for 60 s.

2.3. Plasma Treatment

After chemical etching, a plasma treatment with a low-temperature atmospheric plasma (Nadir
S.r.l., Venice, Italy) [28] was applied to the nanostructured electrode. The plasma jet from a mini-torch
is low power and low temperature and is obtained by a Dielectric Barrier Discharge configuration non
- Local Thermodinamic Equilibrium (DBD non-LTE) [28]. The optimized working conditions of plasma
were Ar 10 L min−1 0.5% H2; distance from the torch = 2 mm; power high-frequency = 16 W; power
radio-frequency = 30 W, time application = 60 s. The nanostructured electrodes obtained were kept
protected from the oxygenated atmosphere in a proper container for use the same day. If the electrodes
were not used on the same day, a fast activation could be done by plasma treatment, since the device
was portable and user-friendly.

In brief, a low-temperature plasma set-up comprises a first pair of electrodes, singularly separated
by a dielectric layer and externally positioned with respect to a tubular duct where the gas flows, and a
second pair of electrodes, also singularly separated by a dielectric layer and externally positioned with
respect to a tubular duct where the gas flows downstream. A high-frequency excitation is applied to
the first pair of electrodes, while a radio-frequency excitation is applied to the second one. The plasma
generated in this way emerges from the gas flow at the outlet of the transport duct. The high-voltage
excitation can be applied in pulse trains and the radio-frequency generator is substantially activated
for the purpose of limiting the thermal load on the treated substrate, allowing it, in proper conditions,
to not exceed the temperature of 40 ◦C. Chemical precursors and reagents can be added to the plasma
as vapors or aerosols by means of a coaxial central transport duct with the tubular duct for the gas,
which facilitates treatments on the surface to be easily oxidizable or reducible. For instance, addition
to the plasma of small percentages of hydrogen gas can allow it to operate in a chemically reducing
environment [25]. The Plasma Jet device for the activation of copper nanowires was provided by Nadir
S.r.l., Italy. More details and practical information, including schemes and figures of the use of the
device, are available in the references cited above and others presented herein.

2.4. Electrochemical Measurements

Electrochemical measurements were performed at room temperature (23 ± 1 ◦C) under a nitrogen
atmosphere with a CuWNEE [19] as a working electrode, in a conventional single-compartment
cell equipped with a platinum wire counter electrode and a KCl-saturated Ag/AgCl reference
electrode to which all potentials reported here are referred. For electrochemical measurements,
a CHI1000 workstation (CH Instruments, Austin, TX, USA) controlled via PC by its own software was
used. Voltammetric measurements were drawn from linear sweep voltammetry (LSV), from −0.2 to
−0.8 V, at a scan rate of 10 mV s−1. A previous application of a cathodic potential would minimize
the oxides, and activate the electrode surface. Several LSVs were recorded at different CuWNEEs in
pure supporting electrolyte. This was to obtain blank voltammograms for subtraction in the nitrate
determination using standard addition methods in all the samples.

2.5. Samples Preparation

Samples of water from the river Zero, located in the Venice province, were collected with a clean
bottle and immediately filtered with a polycarbonate membrane, 0.45 µm pore diameter, and analyzed
within 24 h.

Leafy vegetables analyzed were chard and rocket salad or rucola. The European Standard method
for determination of nitrate and/or nitrite content BS EN 12014-4:2005 was used for the extraction
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of nitrate from vegetables [29]. In short, 10 g of chopped sample were submerged in water at a
temperature of 50–60 ◦C, mixed thoroughly with a homogenizer and then transferred to a 200 mL
volumetric flask and filled with water to the nominal volume. Afterwards, the extract was filtered
with a polytetrafluoroethylene (PTFE) 0.45 µm pore size membrane for aqueous solutions. If the
solution obtained was clear, no further filtration was necessary before introducing the sample in
the electrochemical cell. Otherwise, a further filtration was performed before taking measurements.
Assessments of NO3

− in food and water were performed within 24 h after sample extraction or
sample filtration.

Natural water samples and vegetable extracts were adjusted at pH 3.0 with 0.1 M H2SO4 before
voltammetric measurements. Eventual dilution with 0.1 M H2SO4 was performed when required.

2.6. Ion Chromatography (IC)

Metrohm 761 IC chromatograph equipped with a polyvinyl alcohol column with quaternary
ammonium groups (IC Anion Column Phenomenex STAR ION A300, Metrohm, Herisau, Switzerland)
was used for chromatographic analysis. After chemical suppression, 1.8 mM sodium carbonate and
1.7 mM sodium hydrogen carbonate solution with a conductivity of 14 µS cm−1 were used as eluent.

2.7. Scanning Electron Microscopy

The scanning electron microscopy (SEM) observations were performed with a TM3000 Hitachi
(Tokyo, Japan) tabletop scanning electron microscope.

3. Results and Discussion

3.1. Preparation and Characterization of Nanowires Array

At first, after template deposition, a single step chemical etching was carried out, putting in
contact the CuWNEEs with CH2Cl2 for 60 s. The SEM image in Figure 1A shows that the CuWNEEs
(bright parts of the image) are still covered by a “cloud” of polycarbonate (foggy areas), providing
evidence that just part of the template was removed [19].

In order to quickly obtain better cleaning of the nanostructures, a study of the effect of the
use of low-temperature atmospheric plasma was completed operating under reducing conditions.
The experimental parameters varied were the power high-voltage and radio-frequency, and the time
of the treatment. As indicated in Table 1, it was observed that for treatment times higher than 60 s with
power high voltage generator in Watt (HV) and power of radiofrequency generator in Watt (RF), spark
episodes occurred on the nanowires. Therefore, 60 s, RF 30 and HV 16 were chosen as the optimized
values from trial.

Table 1. Low-temperature atmospheric plasma trials on CuWNEE. Gas flow Ar 10 L min−1 0.5% H2

and distance from the torch 2 mm.

Electrode Test Power HV (W) Power RF (W) Time (s) Spark Event

E3 1◦ 16 30 60 –
E3 2◦ 16 35 90(+30) +
E3 3◦ 16 30 180(+90) +
E2 1◦ 16 30 180 +
E1 1◦ 16 30 360 +
E5 1◦ 70 30 60 +

Figure 1B presents the SEM image of the same array as in Figure 1A, after the optimized
treatment with low-temperature atmospheric plasma. The comparison of these images shows that
the combination of these two treatments allows the almost complete removal of the PC template.
The surface area of CuWNEE is cleaned up efficiently by the soft plasma etching used here. The final
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results obtained are comparable with those obtained on arrays of gold nanowires using plasma etching
under more aggressive conditions of oxygen plasma [22].
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Figure 1. Scanning electron microscopy (SEM) images of CuWNEEs obtained by (a) template deposition
after chemical etching; and (b) after low temperature plasma etching of CuWNEE reported in (a).

The determination of Aact of the CuWNEEs after chemical and plasma treatment was carried out
by cyclic voltammetry (CV) in pure supporting electrolyte (0.1 M Na2SO4) at different scan rates from
0.01 to 0.1 V s−1. Figure 2 presents the values of the capacitive current (Ic) as a function of the scan
rate (v) obtained from CVs for CuWNEEs, measured as the half-difference between the anodic and
cathodic current measured at −0.3 V [30–32]. From this figure, it is evident that the linear dependence
of Ic on the scan rate, which is in agreement with the theory and given by the equation:

Ic = CdlAactv (1)

where Cdl is the double layer capacitance [30], Aact is the active area and v is the scan rate. From the
slope of the linear equation (362 µA V−1 s) and considering Cdl for copper as equal to 166 µF s−1 [31,32],
an Aact of 2.06 cm2 was calculated. The comparison of this value with that obtained with only chemical
etching (namely, 1.26 cm2) indicates that plasma treatment increased by a further 64% at the available
active area.
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3.2. Determination of NO3
− in Real Samples

3.2.1. River Water

Figure 3a presents the linear sweep voltammograms with the CuWNEE treated as described in the
previous section, recorded in the filtered river water at pH 3 before and after NaNO3 standard additions.
The blank, that is, the voltammogram recorded in only supporting electrolyte, is plotted as well (dotted
line in Figure 3a). These voltammograms are characterized by rather broad reduction peaks with a
peak current which indicates a concentration of nitrate in the sample in the order of a few hundred
micromolar. For this reason, the standard addition of nitrate was in the range of 20–40 µM. At such a
low concentration level, even with nanostructured copper electrodes, the reduction signals are not
fully distinguishable from the background. Moreover, it can be noted that the nitrate reduction is not
detected at a fixed potential, but can fluctuate within a potential range, typically –0.7 and –0.5 V [32],
depending on the state of the surface of the electrode and the supporting electrolyte. In order to
determine the correct peak potential value to perform quantitative analyses, the first derivative was
calculated for each voltammogram. The relevant plots are presented in Figure 3b. The point where the
derivative is constant is assumed to be the peak potential and it is located at –0.620 V. This value is
< –0.7 V, observed on CuWNEE and treated by only chemical etching [19], indicating an improved
electrocatalytic activity for plasma-cleaned CuWNEEs. From the standard addition plot shown in
Figure 3c, a nitrate concentration of 117 µM (7.3 mg L−1) in the sample was measured.
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Figure 3. (a) Linear sweep voltammograms recorded in acidified river water at 10 mV s−1 (blank:
Dotted line); (b) first derivative of LSVs reported in (a); (c) calibration plot, with confidence bands at
90%, obtained by standard additions for the following concentrations in µM: 1) 0, 2) 20, 3) 60, 4) 100, 5)
140, 6) 180.

It can be noted that the LSVs in Figure 3a are characterized by an isopotential point at −0.75 V.
The presence of this singular point derives from the evidence that for E > −0.75 V, the current increases
with increasing nitrate concentration (producing the above described nitrate reduction peak) while for
E < −0.75, the current scale inverts with the nitrate concentration. A similar behavior was previously
observed when nitrate was analyzed with CuWNEE in solutions containing chloride anions [19]. In the
experimental conditions used in this work, we cannot discount the leakage of some chloride from
the Ag/AgCl, KCl reference electrode. However, the possible role related to the formation of copper
oxides on the surface of the copper nanowires at the beginning of the scan cannot be ignored [26].
Detailed studies of this issue are in progress.

3.2.2. Vegetable Samples

The extraction procedure of nitrate described in the Materials and Methods was applied to edible
leafy vegetables, namely rocket salad (rucola) and chard. On the basis of preliminary tests, the extracts
were diluted 10 times and 5 times, respectively, with 0.1 M H2SO4. This dilution was performed both
to lower the high NO3

− concentration and to minimize the possible effect of dissolved organic matter.
LSVs of the sample before and after the nitrate standard additions were recorded and are shown in
Figures 4a and 5a. They presented similar patterns as those obtained from the water samples, so the
same procedure for calculating the first derivative for river water as described above (see Figures 4b
and 5b) was applied. Figures 4c and 5c report the respective standard addition plots where currents,
after blank subtraction, were measured at −0.685 V and −0.695 V for rucola and chard, respectively.
The concentrations of nitrate measured in the electrochemical cell were 4097 µM (205 ppm) and 999
µM (62 ppm), respectively. Concentration in the raw vegetables was calculated on the basis of the
mass of vegetable analyzed. Relevant values are reported in the second column of Table 2.
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Figure 4. (a) Linear sweep voltammograms recorded in 10-times diluted rucola extract acidified, at scan
rate of 10 mV s−1; (b) first derivative of LSV reported in (a); (c) calibration plot, with confidence bands
at 90%, obtained by standard additions of nitrate of the following concentrations in µM: 1) 0, 2) 80, 3)
160, 4) 320, 5) 640.
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Figure 5. (a) Linear sweep voltammograms recorded in 5-times diluted chard extract acidified, at scan
rate of 10 mV s−1; (b) first derivative of LSV reported in (a); (c) calibration plot, with confidence bands
at 90%, obtained by standard additions of nitrate in the following concentrations in µM: 1) 0, 2) 80, 3)
120, 4) 160, 5) 200, 6) 240, 7).

Table 2. Nitrate concentration values determined by electrochemical measurement (LSV) and ion
chromatography (IC).

Sample Electrochemical Ion Chromatography Relative Variation %

River water 7.3 ± 0.5 mg L−1 7.5 ± 0.4 mg L−1 3.3
Rucola 4097 ± 0.6 mg kg−1 5016 ± 0.4 mg kg−1 8.3
Chard 1239 ± 0.7 mg kg−1 1352 ± 0.4 mg kg−1 18.3
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Nitrate concentrations in the real samples have been validated by IC and relevant values are
reported in the third column of Table 2. The comparison with the electrochemical data obtained by
LSV with CuWNEEs indicates a satisfactory agreement.

For the river water sample in particular, the determined nitrate concentration was lower than
the maximum concentration of 50 mg L−1, indicated by the European Directives (1991/676/EC,
1998/83/EC and 2003/40/EC) and the World Health Organization (WHO) in the guidelines for
drinking-water quality [33]; and lower than the limit of 45 mg L−1, fixed by Italian regulations
(Legislative Decree 2001/02/02/ n.31).

As far as edible leafy vegetables analysis is concerned, the values determined in this work are of
the same order of magnitude as those of a previous study, where nitrate concentrations, determined by
High Performance Liquid Chromatography (HPLC) in chard samples produced in different seasons
in Zagreb, were 1049.40 and 2260.20 mg kg−1 [2]. Moreover, in Swiss chard species grown with
organic fertilizers, nitrate levels determined by a modified cadmium–Griess method were much higher,
averaging across the different samples and species at 2778.6 ± 1474.7 mg kg−1 [33,34]. Rucola is
considered one of the leafy vegetables with the most consistent amount of nitrate and according to
reports by the Scientific Opinion of the Panel on Contaminants in the Food Chain, the consumption of
more than 47 g of rucola at the median nitrate concentration of 4800 mg kg−1 would exceed the ADI
without taking into account any other vegetable [1]. In our case, values obtained with both techniques
are lower than this median value.

4. Conclusions

Nanostructured electrodes can easily be obtained by an electrochemical template-based procedure
(TAP). In this work, a nanoporous polycarbonate membrane was used as a template for the preparation
of CuWNEEs. The membrane etching is a very important step to removing the template and achieving
the maximum active area of the electrode. The application of a chemical etching step combined with
a low-temperature plasma treatment allowed us to improve the active area and the performance of
the CuWNEEs in the determination of nitrate. The electrodes were applied to the electrochemical
determination of nitrate in river water and leafy vegetables, and the results were in agreement with
ion chromatographic and literature data.
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Trstenjak, N.U. Nitrate in leafy green vegetables and estimated intake. Afr. J. Tradit. Complement. Altern. Med.
AJTCAM 2017, 14, 31–41. [CrossRef]

3. Swann, P.F. The toxicology of nitrate, nitrite and n-nitroso compounds. J. Sci. Food Agric. 1975, 26, 1761–1770.
[CrossRef]

4. Moorcroft, M. Detection and determination of nitrate and nitrite: A review. Talanta 2001, 54, 785–803.
[CrossRef]

http://dx.doi.org/10.2903/j.efsa.2008.689
http://dx.doi.org/10.21010/ajtcam.v14i3.4
http://dx.doi.org/10.1002/jsfa.2740261119
http://dx.doi.org/10.1016/S0039-9140(01)00323-X


Nanomaterials 2019, 9, 150 11 of 12

5. Ugo, P.; Moretto, L.M.; Ballarin, B. Nitrate detection at Nafion-modified electrodes incorporating ytterbium
and uranyl electrocatalysts. Electroanalysis 1995, 7, 129–131. [CrossRef]

6. Azevedo, C.M.N.; Araki, K.; Angnes, L.; Toma, H.E. Electrostatically Assembled Films for Improving the
Properties of Tetraruthenated Porphyrin Modified Electrodes. Electroanalysis 1998, 10, 467–471. [CrossRef]

7. Moretto, L.M.; Ugo, P.; Zanata, M.; Guerriero, P.; Martin, C.R. Nitrate Biosensor Based on the Ultrathin-Film
Composite Membrane Concept. Anal. Chem. 1998, 70, 2163–2166. [CrossRef]

8. Wang, Q.-H.; Yu, L.-J.; Liu, Y.; Lin, L.; Lu, R.; Zhu, J.; He, L.; Lu, Z.-L. Methods for the detection and
determination of nitrite and nitrate: A review. Talanta 2017, 165, 709–720. [CrossRef] [PubMed]

9. Da Silva, S.; Shan, D.; Cosnier, S. Improvement of biosensor performances for nitrate determination using a
new hydrophilic poly(pyrrole-viologen) film. Sens. Actuators B Chem. 2004, 103, 397–402. [CrossRef]

10. Çirmi, D.; Aydin, R.; Köleli, F. The electrochemical reduction of nitrate ion on polypyrrole coated copper
electrode. J. Electroanal. Chem. 2015, 736, 101–106. [CrossRef]

11. Kato, M.; Okui, M.; Taguchi, S.; Yagi, I. Electrocatalytic nitrate reduction on well-defined surfaces of
tin-modified platinum, palladium and platinum-palladium single crystalline electrodes in acidic and neutral
media. J. Electroanal. Chem. 2017, 800, 46–53. [CrossRef]

12. Garcia-Segura, S.; Lanzarini-Lopes, M.; Hristovski, K.; Westerhoff, P. Electrocatalytic reduction of nitrate:
Fundamentals to full-scale water treatment applications. Appl. Catal. B Environ. 2018, 236, 546–568.
[CrossRef]

13. Mattarozzi, L.; Cattarin, S.; Comisso, N.; Guerriero, P.; Musiani, M.; Vázquez-Gómez, L.; Verlato, E.
Electrochemical reduction of nitrate and nitrite in alkaline media at CuNi alloy electrodes. Electrochim. Acta
2013, 89, 488–496. [CrossRef]

14. Pérez-Gallent, E.; Figueiredo, M.C.; Katsounaros, I.; Koper, M.T.M. Electrocatalytic reduction of Nitrate on
Copper single crystals in acidic and alkaline solutions. Electrochim. Acta 2017, 227, 77–84. [CrossRef]

15. Terzi, F.; Zanardi, C. Environmental Analysis by Electrochemical Sensors and Biosensors; Springer: New York, NY,
USA, 2014; ISBN 978-1-4939-0675-8.

16. Menon, V.P.; Martin, C.R. Fabrication and Evaluation of Nanoelectrode Enembles. Anal. Chem. 1995, 67,
1920–1928. [CrossRef]

17. Yu, S.; Li, N.; Wharton, J.; Martin, C.R. Nano wheat fields prepared by plasma-etching gold
nanowire-containing membranes. Nano Lett. 2003, 3, 815–818. [CrossRef]

18. Ongaro, M.; Ugo, P. Bioelectroanalysis with nanoelectrode ensembles and arrays. Anal. Bioanal. Chem. 2013,
405, 3715–3729. [CrossRef] [PubMed]

19. Stortini, A.M.; Moretto, L.M.; Mardegan, A.; Ongaro, M.; Ugo, P. Arrays of copper nanowire electrodes:
Preparation, characterization and application as nitrate sensor. Sens. Actuators B Chem. 2015, 207, 186–192.
[CrossRef]

20. Lapierre-Devlin, M.A.; Asher, C.L.; Taft, B.J.; Gasparac, R.; Roberts, M.A.; Kelley, S.O.
Amplified electrocatalysis at DNA-modified nanowires. Nano Lett. 2005, 5, 1051–1055. [CrossRef]

21. Krishnamoorthy, K.; Zoski, C.G. Fabrication of 3D gold nanoelectrode ensembles by chemical etching.
Anal. Chem. 2005, 77, 5068–5071. [CrossRef]

22. De Leo, M.; Kuhn, A.; Ugo, P. 3D-ensembles of gold nanowires: Preparation, characterization and
electroanalytical peculiarities. Electroanalysis 2007, 19, 227–236. [CrossRef]

23. Mussano, F.; Genova, T.; Verga Falzacappa, E.; Scopece, P.; Munaron, L.; Rivolo, P.; Mandracci, P.;
Benedetti, A.; Carossa, S.; Patelli, A. In vitro characterization of two different atmospheric plasma jet
chemical functionalizations of titanium surfaces. Appl. Surf. Sci. 2017, 409, 314–324. [CrossRef]

24. Patelli, A.; Mussano, F.; Brun, P.; Genova, T.; Ambrosi, E.; Michieli, N.; Mattei, G.; Scopece, P.; Moroni, L.
Nanoroughness, Surface Chemistry, and Drug Delivery Control by Atmospheric Plasma Jet on Implantable
Devices. ACS Appl. Mater. Interfaces 2018, 10, 39512–39523. [CrossRef] [PubMed]

25. Patelli, A.; Verga, E.; Nodari, L.; Petrillo, S.M.; Delva, A.; Ugo, P.; Scopece, P. A customised atmospheric
pressure plasma jet for conservation requirements. IOP Conf. Ser. Mater. Sci. Eng. 2018, 364, 012079.
[CrossRef]

26. Nam, V.B.; Lee, D. Copper Nanowires and Their Applications for Flexible, Transparent Conducting Films:
A Review. Nanomaterials 2016, 6, 47. [CrossRef] [PubMed]

27. Gambirasi, A.; Cattarin, S.; Musiani, M.; Vázquez-Gómez, L.; Verlato, E. Direct electrodeposition of metal
nanowires on electrode surface. Electrochim. Acta 2011, 56, 8582–8588. [CrossRef]

http://dx.doi.org/10.1002/elan.1140070206
http://dx.doi.org/10.1002/(SICI)1521-4109(199806)10:7&lt;467::AID-ELAN467&gt;3.0.CO;2-W
http://dx.doi.org/10.1021/ac970798d
http://dx.doi.org/10.1016/j.talanta.2016.12.044
http://www.ncbi.nlm.nih.gov/pubmed/28153321
http://dx.doi.org/10.1016/j.snb.2004.04.068
http://dx.doi.org/10.1016/j.jelechem.2014.10.024
http://dx.doi.org/10.1016/j.jelechem.2017.01.020
http://dx.doi.org/10.1016/j.apcatb.2018.05.041
http://dx.doi.org/10.1016/j.electacta.2012.11.074
http://dx.doi.org/10.1016/j.electacta.2016.12.147
http://dx.doi.org/10.1021/ac00109a003
http://dx.doi.org/10.1021/nl0340576
http://dx.doi.org/10.1007/s00216-012-6552-z
http://www.ncbi.nlm.nih.gov/pubmed/23187824
http://dx.doi.org/10.1016/j.snb.2014.09.109
http://dx.doi.org/10.1021/nl050483a
http://dx.doi.org/10.1021/ac050604r
http://dx.doi.org/10.1002/elan.200603724
http://dx.doi.org/10.1016/j.apsusc.2017.02.035
http://dx.doi.org/10.1021/acsami.8b15886
http://www.ncbi.nlm.nih.gov/pubmed/30359523
http://dx.doi.org/10.1088/1757-899X/364/1/012079
http://dx.doi.org/10.3390/nano6030047
http://www.ncbi.nlm.nih.gov/pubmed/28344304
http://dx.doi.org/10.1016/j.electacta.2011.07.045


Nanomaterials 2019, 9, 150 12 of 12

28. Patelli, A.; Falzacappa, E.V.; Scopece, P.; Pierobon, R.; Vezzu, S. Method for Generating an Atmospheric
Plasma Jet and Atmospheric Plasma Minitorch Device. U.S. Patent WO2015071746A1, 21 May 2015.

29. British Standards Institute. Foodstuffs. Determination of Nitrate and/or Nitrite Content—Part 4: Ion-Exchange
Chromatographic (IC) Method for the Determination of Nitrate and Nitritecontent of Meat Products, BS EN
12014-4:2005; BSI: London, UK, 2005; ISBN 0 580 46248 X.

30. Bard, A.J.; Faulkner, L.R. Fundamentals and Fundamentals and Applications; Wiley: New York, NY, USA, 2001.
31. Voiry, D.; Chhowalla, M.; Gogotsi, Y.; Kotov, N.A.; Li, Y.; Penner, R.M.; Schaak, R.E.; Weiss, P.S. Best Practices

for Reporting Electrocatalytic Performance of Nanomaterials. ACS Nano 2018, 12, 9635–9638. [CrossRef]
[PubMed]

32. Davis, J.; Moorcroft, M.J.; Wilkins, S.J.; Compton, R.G.; Cardosi, M.F. Electrochemical detection of nitrate and
nitrite at a copper modified electrode. Analyst 2000, 125, 737–742. [CrossRef]

33. World Health Organization. WHO Guidelines for Drinking-Water Quality: Fourth Edition Incorporating the First
Addendum, 4th ed.; World Health Organization WHO, Ed.; World Health Organization: Geneva, Switzerland,
2017; ISBN 978-92-4-154995-0.

34. González, M.C.M.; Martínez-Tomé, M.J.; Isasa, M.E.T. Nitrate and nitrite content in organically cultivated
vegetables. Food Addit. Contam. Part B 2010, 3, 19–29. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsnano.8b07700
http://www.ncbi.nlm.nih.gov/pubmed/30347985
http://dx.doi.org/10.1039/a909762g
http://dx.doi.org/10.1080/19440040903586299
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Electrode Preparation 
	Plasma Treatment 
	Electrochemical Measurements 
	Samples Preparation 
	Ion Chromatography (IC) 
	Scanning Electron Microscopy 

	Results and Discussion 
	Preparation and Characterization of Nanowires Array 
	Determination of NO3- in Real Samples 
	River Water 
	Vegetable Samples 


	Conclusions 
	References

